SuperSpec is an integrated, on-chip spectrometer for millimeter and sub-millimeter astronomy. We report the approach, design optimization, and partial characterization of a 300 channel filterbank covering the 185 to 315 GHz frequency band that targets a resolving power R ∼ 310, and fits on a 3.5×5.5 cm chip. SuperSpec uses a lens and broadband antenna to couple radiation into a niobium microstrip that feeds a bank of niobium microstrip half-wave resonators for frequency selectivity. Each half-wave resonator is coupled to the inductor of a titanium nitride lumped-element kinetic inductance detector (LEKID) that detects the incident radiation. The device was designed for use in a demonstration instrument at the Large Millimeter Telescope (LMT).
INTRODUCTION
The far-infrared (FIR) contains at least half of the electromagnetic energy ever produced in stars and galaxies, and appears to have been the dominant emission pathway for the most active star-forming stages in galaxies. Understanding this dust-obscured star formation requires spectroscopic study at FIR / submillimeter and millimeter wavelengths; this band is both immune to dust obscuration so probes galaxies' bulk properties, and also offers a range of diagnostics of all interstellar medium phases: ionized, neutral, and molecular. One particular spectral tool useful for understanding star formation in the early universe is the 157.7 µm fine-structure transition of ionizied carbon, [CII] . [CII] is among the most energetically important coolants of gas in galaxies across all wavelengths, and has been found to be a reasonable proxy for total star formation activity.
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[CII] is being pursued and detected in individual galaxies with ALMA in small numbers, but future instruments on single-dish telescopes can offer two classes of complementary approaches. A wideband, multi-object spectrometer (MOS) with on order 100 steered feeds on a 30-50 meter telescope 2 can exceed the full-band galaxyby-galaxy spectral survey speed of ALMA by nearly an order of magnitude, yielding samples of tens of thousands of full band spectra of galaxies at all epochs. Alternatively, tomographic intensity mapping targeting [CII] at redshifts of ∼4 to 9 offers the potential to measure the 3-D clustering signal produced by [CII] in galaxies. The linear clustering signal on ∼0.1 to 1 degree (∼10 to 100 comoving Mpc) scales measures the total [CII] luminosity, and thus potentially the total star formation, across all galaxies. 3, 4 This intensity mapping approach is particularly compelling for the reionization epoch as the steep faint-end slopes measured in the UV suggest that much of the emission may be originating in galaxies below the detection limit of ALMA or JWST. 
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SuperSpec is designed to enable these new classes of instrument. It is a compact, wideband, on-chip spectrometer which is reduced to a single 'pixel.' Many SuperSpec spectrometers can populate a focal plane; and it can be the building block of a large MOS. This leans heavily on the inherent multiplexibility of the kinetic inductance detectors (KIDs), making them the natural detector choice for this goal of high-pixel-count MOS instruments. SuperSpec is implemented by having incident radiation coupled into a feedline and propagate through a bank of λ/2 resonator filters, where λ is the central wavelength of the channel, which couple the radiation onto a KID for readout. Our current design has a filterbank with 300 channels, spanning the frequency range of 185 to 315 GHz (the 1mm atmosphere window 7 ). Since even an optimally coupled resonator can only absorb 50% of the incident power, the resonators are placed a quarter-wave apart. This causes their reflections to be out of phase and cancel, meaning that more power will end up in one of the channels. This architecture is illustrated in a circuit diagram shown in fig. 1 . This paper describes the design of the full 300 channel device intended to deploy at the Large Millimeter Telescope (LMT) in early 2019, for an on-sky demonstration. 
DEVICE DESIGN
The basic filterbank approach employed by SuperSpec is shown in fig. 1 . The optimization of the filterbank involves several parameters. Since the filterbank is made out of resonators, it is more useful to talk about the coupling in terms of Qs rather than capacitances as shown in the circuit diagram. Additionally, in the current SuperSpec dies the resonators are proximity coupled and the coupling includes both capacitive and inductive terms. The resonator Q can be broken up into three quantities:
Here, these Qs are defined with Q c being the coupling Q to the feedline, Q loss being the intrinsic Q of the resonator, dominated by the loss of the dielectric, and finally Q i being the Q defining the coupling to the detector. The other relevant parameter of the filterbank is the oversampling (denoted by the symbol Σ). This is the number of resonators packed into a single linewidth, as defined by the individual resonator Q. This is illustrated in fig. 2 , where a simulation of a filterbank response is shown versus frequency with a filterbank having an oversampling of 1.0 on the left and 2.0 on the right.
We use a circuit model implemented in python using the Scikit-RF module (G. Che et al., submitted) to select the values of Q c , Q i , and Σ that deliver the optimal filterbank sensitivity. Previous SuperSpec devices have found a Q loss around 1200-1300, and this keeps the optimal oversampling factor close to Σ = 2. With Σ < 2, there is not significant overlap in the passbands of the adjacent channels and so the quarter-wave spacing gives little improvement, with Σ > 2, a larger filterbank is needed and the dielectric loss starts taking a larger fraction of the incident power. With Q loss = 1200 and Σ = 2 the filterbank sensitivity is optimized for Q c ≈ 700 and Q i ≈ 700. It is important to note that in addition to the usual consideration of the resonator being well matched so that the power couples in, there are two further considerations added by our filterbank. The first being that even when not optimally matched, the overlap of the spectral response means that much of the uncoupled power could still end up in another channel and the spectral line recovered in a deconvolution taking into consideration this affect. Second, the ratio of Q loss to Q i will set the maximum ratio of power that ends up on the detectors, as this ratio will set the relative rates of power coupled into the resonator that is absorbed by the inductor versus power lost to the dieletric. So with that in mind, the optimization ends up finding that these minima are very shallow, and variations in Q by a factor of 2 only give a 20 to 30 percent deviation in the total system NEP ( fig.  3) . SuperSpec devices are implemented using an inverted microstrip design, allowing for the ground plane and dielectric to be removed from around the capacitors of the LEKIDs, reducing TLS noise. 9 The devices use both niobium and titanium nitride (TiN), with the niobium being a high T c superconductor that will not experience pair breaking due to the mm radiation, and the TiN being the material of the KID inductors used for sensing.
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The device stack is shown in fig. 4 . The layout of the next generation of SuperSpec devices intended for the telescope demonstration is shown in fig. 5 . Figure 5 . Shown is the layout of the 300 channel SuperSpec chip. a) The antenna that couples the radiation into the feedline. b) Test structures; on the left is a pair of broadband detectors (KIDs without half-wave resonators that are sensitive to the entire band), and on the right is a half-wave resonator with no KID, isolated in frequency, used measure the internal Q of the filterbank resonators. c) A section of the filterbank, showing several half-wave resonators wrapped around the inductors of KID detectors. d) A single spectral filter, highlighting the 2.7 µm 3 inductor, with 0.25 µm traces. e) A single spectral channel and associated KID. f ) The termination, which absorbs the radiation that makes it throught the filterbank.
A double "bowtie" antenna provides both the coupling over the large bandwidth, and in conjunction with a 1cm, anti-reflection coated alumina lens, produces a roughly f/4 beam over the whole band. Simulations of the design along with measured beams from our beam mapper are shown in fig. 6 . After being coupled into the microstrip by the antenna, the radiation then travels down a 1µm microstrip to the filterbank ( fig. 5 ). In addition to the spectral channels of the filterbank, there are several important test devices. First, before and after the filterbank there are a set of broadband channels. These are KIDs, the inductors of which are shown in sub-panel b) of fig. 5 , that have no resonator mediating its coupling to the feedline. This causes it to detect roughly 0.1% of the power on the feedline across the entire frequency band, allowing S 21 measurements of the entire filterbank and the ability to read out the loss test structures. The loss test structures are lone half-wave resonator without a KID, and one is shown in the same sub-panel. They are isolated in frequency from the filterbank, and are readout as dips in the S 21 measurements. Their purpose is to provide a measurement of Q loss . There are also "dark devices", KIDs not on the feedline, for diagnosing chip T c variations and radiation in substrate modes. The method of efficiently utilizing the area of the chip for capacitor layout was implemented by breaking the readout frequency into four banks. Since the resonant frequency scales as f ∝ 1 √ C , each bank is set to have the frequency scale over a factor of 315/185 so that they scale their capacitance with the quarter wave spacing. This way, the resonators can all be set to the same length and the area is optimally utilized. Then the relative widths of each bank and the length on each side of the feedline can be set to give the necessary ratio of frequencies between the two banks ( fig. 7 ).
SUPERSPEC CHARACTERIZATION
The beam maps shown in fig. 6 were taken using a beam mapper mounted under the cryostat window with a 0.5m x and y travel, and a source made from a one inch hole into a liquid nitrogen bucket, which was chopped at 5Hz. Additionally, a 1m throw Fourier Transform Spectrometer was used for measuring the spectral response of the filterbank, providing a measurement of the central frequency of each spectral channel. With the first 300 channel prototype we were able to demonstrate the ability to target the frequency of the individual filterbank channels over the entire band ( fig. 8) . A fabrication defect greatly reduced our yield for this device; we expect this issue to be solved in future fabrication runs. Previously, we have demonstrated the ability to create a 50 channel spectrometer over a subset of our band with 100 percent yield. 11 We have also demonstrated in past devices a photon noise limited NEP for our detectors. 
DEPLOYMENT AT THE LMT
We are designing a three beam, dual-polarization SuperSpec demonstration instrument for deployment at the LMT in early 2019. A polarizing grid near the instrument focal plane will split the incoming light, which will then be received by a total of six single-polarization spectrometer chips ( fig. 9 ).
The SuperSpec coupling optics consist of the warm mirrors under development for MUSCAT, 13 along with a subsequent set of 5 warm mirrors, and a single cold lens ( fig. 9) . A flat pickoff mirror placed in front of the MUSCAT cryostat diverts the beam, and a second flat mirror sends the beam toward the SuperSpec reimaging optics. This second flat mirror is located at an image of the telescope primary mirror and will be mounted on an articulated stage. Chopping this mirror will provide rapid on-sky modulation. A set of two powered mirrors and one flat mirror then reimage this pupil onto a 4K cold stop. A subsequent 1K lens then provides a flat, telecentric, f/4 focus. While the three beams in the intial SuperSpec demonstrator will span a linear 1' field on the sky, the coupling optics will be sufficiently large to reimage a 2' circular field with a Strehl ratio > 0.92 at λ = 1 mm.
The readout system will be based off of kidPy * , a product of the development of the BLAST-TNG readout system, 14 with 6 ROACH-2 systems, one for each chip, to simplify readout for this demonstration. Custom interface software is under development for integrating the data on the telescope pointing, chopping mirror, and simultaneously controlling the 6 ROACH-2 systems. * https://github.com/sbg2133/kidPy 
CONCLUSION
We have designed and fabricated an optimized 300 channel on-chip filterbank spectrometer covering the 185−315 GHz range with a resolving power of R ∼ 310. Initial testing has demonstrated our ability to accurately place the spectral channels over the full band, and has also demonstrated a new readout frequency architecture. The next set of dies combining all of the design elements, with Qs further optimized, and fixing the low yield of our last device is currently being fabricated and is anticipated to be ready for deployment at the LMT.
